Feruloylated oligosaccharides (FOs) have been approved by the US Food and Drug Administration to be incorporated in baked goods. This research aimed to investigate the influence of FOs on flavour formation. Results revealed that the furfural content increased 5.2-, 6.7-, 5.6-, and 6.5-fold after 10 mg/g FOs was added and by 6.7-, 37.8-, 12.4-, and 64.5-fold after 50 mg/g FOs was added to aspartic acid/glucose, asparagine/glucose, glutamic acid/glucose, and dough models, respectively. Addition of FOs prevented the formation of favourable Maillard flavour compounds, such as pyrazines, maltol, nonanal, and cedrol, but produced unpleasant flavour compounds, such as dimethyl disulphide, dimethyl trisulphide, and 2-methoxy-4-vinylphenol. Our findings suggest that the addition of FOs to thermally processed food should be evaluated with caution.
Introduction
Phenolic structures of hydroxycinnamic acids undergo thermal degradation during food processing, producing aroma compounds such as 4-vinylguaiacol, guaiacol, and vanillin. [1] However, the addition of hydroxycinnamic acids to the Maillard reaction suppresses aroma formation. Among the three hydroxycinnamic acids (i.e., ferulic, caffeic, and chlorogenic acid), ferulic acid shows the highest reactivity for suppressing the flavour formation. In the Maillard models of glycine/glucose, leucine/glucose, and cysteine/glucose (200°C, 15% moisture for 15 min), ferulic acid has been found to decrease the formation of alkylpyrazines, Strecker aldehydes, furan and furan derivatives, methyl pyrazines, acetylpyridine, 2-acetylpyrrole, and cyclotene. [1, 2] Even at lower temperatures (60°C or 37°C), ferulic acid significantly inhibits the Maillard reaction. [3, 4] Feruloylated oligosaccharides (FOs) are water-soluble prebiotics [5] and emulsifiers [6] , formed by the esterification of oligosaccharides and exhibit the physiological properties of both ferulic acid and oligosaccharides. [7, 8] FOs have been approved by the US FDA as a wheat bran extract and can be added to various foods, including bakery foods. [9] In bread preparation, addition of FOs increases dough extensibility and decreases resistance to extension, resulting in unmanageable dough. [10] Previous studies indicated that trace amounts of free ferulic acid released from wheat bran during heat treatment influenced the flavour of bread and crackers. [11, 12] Watersoluble FOs may release more free ferulic acid than wheat bran, but whether this new type of functional ingredient influences the formation of flavours during the Maillard reaction is unknown. In this study, the effect of FOs prepared from corn bran on flavour formation in dough and the Maillard reaction models of glucose with asparagine, aspartic acid, and glutamic acid were investigated by the headspace solid-phase micro-extraction method coupled with gas chromatography-mass spectrometry (GC-MS). centrifuged at 3000×g and 4°C for 20 min in a KDC-12 centrifuge (USTC Chuangxin Co., Ltd., Hefei, China). The supernatant was collected and two additional extractions were performed with 2 mL of deionized water. The supernatants were combined, filtered (0.45 μm), and then made up to 10 mL using deionized water. The content of bound ferulic acid in the supernatants was determined. Next, 1 g of heat-treated dough was ultrasound extracted three times using 4 mL of 80% methanol according to Zou et al. [18] Furfural in the methanol extracts of dough as well as in the Maillard reaction models was determined by the HPLC method as described previously by Zhang et al. [19] Extraction and determination of volatile compounds SPME was performed according to the method of Lin et al. with some modifications. [20] Solutions obtained after the reaction in amino acids/glucose models or the reacted dough discs homogenized in 4 mL of NaCl (1.5 g) solution were hermetically sealed in a 15 mL vial with a polypropylene hole cap and polytetrafluoroethylene (PTFE)/silicone septa (Sigma Chemical Co.). The sample was equilibrated in the incubator at 80°C for 60 min. An SPME CAR/PDMS (75 μm, Supelco Inc., Bellefonte, PA, USA) was then automatically inserted into the sealed vial, and the fibre was exposed to the sample headspace for a set period. The SPME device was immediately inserted into the GC injector after sampling. The volatile compounds were desorbed at 250°C for 10 min for GC-MS analysis.
An Agilent 7890/5975 gas chromatograph equipped with an HP-5MS capillary column (30 m × 0.25 mm, 0.25 µm; Agilent Technologies, Palo Alto, CA, USA) interfaced with a Hewlett Packard 5973 was used for analysis. Mass selective ionization of the sample components was performed in the electron impact mode (70 eV) using an m/z range of 35-350, scan time of 3.89 s, and flux of 0.8 mL/min of helium. The oven temperature programme started with an isothermal step of 5 min at 45°C. The temperature was raised to 90°C at a rate of 6°C/min, then to 180°C at a rate of 10°C/min, and finally to 220°C at a rate of 15°C /min. The temperature was then maintained at 220°C for 20 min. The injector temperature was set at 250°C , whereas the detector was set at 280°C. The GC retention time was used to identify the compounds using NIST08.L libraries. Compounds with match degree higher than 80% were selected. The peak area was used to compare their relative amounts. All analyses were performed in triplicate.
Determination of ferulic acid
Fifty milligrams of FOs (or 1.0 mL of water extracts of dough, or the Maillard reaction mixtures) was saponified with 10 mL of 2 M NaOH at room temperature for 24 h with magnetic stirring. The hydrolysates were acidified to pH 2.0 using HCl and then extracted with acetic ether. Acetic ether extracts were evaporated to dryness at 40°C. The samples were dissolved in methanol and the total ferulic acid content was determined by HPLC. Another aliquot of 50 mg of FOs was dissolved in 10 mL deionized water and then acidified to pH 2.0 using HCl. Ferulic acid was extracted with acetic ether and free ferulic acid concentration was determined by HPLC. HPLC determination conditions were the same as previously described. [21] The content of bound ferulic acid was calculated by subtracting the content of free ferulic acid from that of total ferulic acid.
Determination of reducing sugars, total sugars, and monosaccharide composition in FOs
Reducing and total sugars (after being acid-hydrolysed by 1 M H 2 SO 4 at 100°C for 3 h) were determined by the DNS method, whereas monosaccharides in the acid hydrolysates were determined by the ion chromatograph as previously reported. [9] Briefly, the pH of the hydrolysates was adjusted to 10.0 using 0.1 mol/L NaOH. The monosaccharides in the hydrolysates were quantified using an ICS-2500 ion chromatogram (Dionex, CA, USA) equipped with an ED50A pulsed amperometric detector at an injection volume was 10 μL. Sugars were separated on an AminoPac® PA-10 column (2 mm×250 mm, 5 μm) (Dionex Co., Ltd., USA) at 30°C and eluted using 0.24 mol/L NaOH at a flow rate of 0.2 mL/min.
Statistical analysis
All experiments were conducted in triplicates and all data were analysed using SPSS 13.0 software.
Results and discussion

Chemical composition of FOs
The tested FOs contain 47.6, 5.8, 341.2, and 928.4 mg/g of bound ferulic acid, free ferulic acid, reducing sugars, and total sugars, respectively. Their average degree of polymerization was 2.72 (928.4/341.2) with xylose, arabinose, galactose, and glucose amounting to 47.3%, 38.5%, 3.2%, and 6.5% of total sugars, respectively.
Effect of FOs on furfural formation
Furfural is a useful indicator of food damage, severity of heat treatment, or length of storage in fruit juices, coffee, breads, and baby cereals. [22, 23] Results of the current study show that the addition of FOs significantly increased furfural formation (Table 1) . When FOs were added at the level of 10.0 mg/mL (g), furfural increased by 5.2-, 6.7-, 5.6-, and 6.5-fold in aspartic acid/glucose, asparagine/glucose, glutamic acid/glucose reaction, and dough models, respectively. The content further increased by 6.7-, 37.8-, 12.4-, and 64.5-fold, respectively, in these models when FOs were added at the level of 50 mg/mL. Increase in furfural significantly enhanced browning (data not shown). Previous studies have reported that hightemperature heating promotes the hydrolysis of hemicelluloses. [24, 25] Oligosaccharides can be hydrolysed to release xylose during heat treatment, thereby largely increasing furfural formation.
Effect of FOs on the formation of volatiles in amino acid/glucose reaction models
In the aspartic acid/glucose reaction model, 11 volatiles were detected ( Table 2) . When FOs were added, the formation of acetaldehyde, 2-butenal, 2-ethyl-5-methyl-furan, 3-ethyl-4-methyl-2-pentene, benzaldehyde, β-acetylacrylic acid, and 5-(hydroxymethyl)-2-furancarboxaldehyde was suppressed in a dose-dependent manner. The formation of 5-methyl-2-furancarboxaldehyde also increased ( Table 2) . Vanillin and 2-methoxy-4-vinylphenol were only detected with the addition of 50 mg/mL FOs, and were likely produced from ferulic acid released by FOs.
In the asparagine/glucose reaction model, 11 volatiles were detected ( Table 3) , but the components were different from those produced in the aspartic acid/glucose model in which three types of pyrazines were detected ( Table 3 ). Addition of FOs significantly inhibited the formation of 1,3diazine, pyrazines, 3-furaldehyde, nonanal, and cedrol (Table 3 ). Vanillin and 2-methoxy-4-vinylphenol were also detected after the addition of FOs.
In the glutamic acid/glucose reaction model, more volatiles (13) were detected than in the asparagine/glucose reaction model. Notably, pyrroles undetected in the other two models ( Table 4) were detected in this model. Similarly, addition of FOs significantly inhibited the formation of other volatiles except for vanillin and 2-methoxy-4-vinylphenol (Table 4) , which were not formed in the glutamic acid/glucose reaction model without the addition of FOs. Values (means ± SD, n = 3) with different letters within a line are significantly different at 5% level. Values (means ± SD, n = 3) with different letters within a line are significantly different at the 5% level. Values (means ± SD, n = 3) with different letters within a line are significantly different at 5% level. Values (means ± SD, n = 3) with different letters within a line are significantly different at 5% level.
Effect of FOs on volatile formation in the dough model
A total of 11 volatiles were detected in the dough model. Some of them were not detected in the three Maillard reaction models, such as benzyl alcohol, maltol, 1H-3a,7-methanoazulene, 2,5-cyclohexadiene-1,4-dione, and 2,6-bis(1,1-dimethylethyl)-4-(1-oxopropyl)phenol ( Table 5 ). The addition of FOs significantly increased the formation of 3-methyl-butanal, furfural, benzaldehyde, and 2-methoxy-4vinylphenol, but significantly decreased the formation of pleasant flavours such as maltol and benzyl alcohol ( Table 5 ). Addition of xylooligosaccharide (a kind of oligosaccharide composed of pentose with no ferulic acid) significantly increased the content of furfural (4.9 and 52.5 μg/g after incorporating 10.0 and 50.0 mg/g xylooligosaccharides, respectively) and pleasant flavours but did not influence the formation of unpleasant flavours (such as dimethyl disulphide and dimethyl trisulphide), suggesting that the formation of unpleasant flavours was influenced by ferulic acid in FOs. Dimethyl disulphide and dimethyl trisulphide were detected in the heated dough discs after adding FOs (Table 5 ). They are known to be formed in foods using methionine as the main precursor [26] and exhibit offensive odour and low sensory threshold (23 ppb and 8 ppb, respectively). [27] After heating 1 mmol methionine with 1 mmol glucose in 4 mL solutions, we found that dimethyl disulphide and dimethyl trisulphide were also produced without the addition of FOs. However, when FOs were added into the methionine/glucose model, the formation of both dimethyl disulphide and dimethyl trisulphide increased significantly. The peak areas of GC-MS for dimethyl disulphide were 472.1 ± 0.5, 544.8 ± 1. 8, and 610.5 ± 10.3 (Ab × S × 10 5 ), whereas those for dimethyl trisulphide were 266.7 ± 0.5, 296.3 ± 1.8, and 415.1 ± 4.8 after the addition of FOs at 0, 10.0, and 50.0 mg/mL, respectively. Dimethyl disulphide and dimethyl trisulphide can be induced by weak reactive oxygen species, such as singlet oxygen. [28] The balance between free radicals produced in the Maillard reaction and the antioxidant activity of FOs may play a role in sulphide formation. Wheat dough has been reported to contain approximately 80 μg/g free methionine, [13] suggesting that FOs can accelerate the formation of dimethyl disulphide and dimethyl trisulphide. However, the possibility of protein hydrolysis to release methionine cannot be excluded during the heat treatment of the dough.
Possible mechanism underlying the effect of FOs on the formation of volatiles
Jiang et al. [1] found that ferulic acid, which acts as an antioxidant, can inhibit the formation of Maillard volatiles by scavenging Maillard-type reactive radical precursors (i.e., dialkylpyrazine radical), or direct the formation of adducts with Maillard reaction intermediates FOs, which have higher antioxidant activity than free ferulic acid, [5] may have inhibited the formation of Maillard Values (means ± SD, n = 3) with different letters within a line are significantly different at the 5% level.
volatiles by scavenging free radicals. Moreover, 30-48% ferulic acid was released from FOs during heat treatment (in the Maillard reaction models or the heated dough; data not shown), which may also have contributed to reduction in the formation of volatiles.
Conclusion
Addition of FOs adversely influenced Maillard flavours. It significantly increased the furfural content, promoted browning, decreased the formation of pleasant flavours such as maltol and pyrazines, but increased the formation of unpleasant flavours such as dimethyl disulphide, dimethyl trisulphide, and 2-methoxy-4-vinylphenol (smoky flavour).
